Pichia pastoris KM71H (Mut S ) is an efficient producer of hard-to-express proteins such as the membrane protein P-glycoprotein (Pgp), an ATP-powered efflux pump which is expressed properly, but at very low concentration, using the conventional induction strategy. Evaluation of different induction strategies indicated that it was possible to increase Pgp expression by inducing the culture with 20% media containing 2.5% methanol. By quantifying methanol, formaldehyde, hydrogen peroxide and formate, and by measuring alcohol oxidase, catalase, formaldehyde dehydrogenase, formate dehydrogenase, malate dehydrogenase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenases, it was possible to correlate Pgp expression to the induction strategy. Inducing the culture by adding methanol with fresh media was associated with decreases in formaldehyde and hydrogen peroxide, and increases in formaldehyde dehydrogenase, formate dehydrogenase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenases. At these conditions, Pgp expression was 1400-fold higher, an indication that Pgp expression is affected by increases in formaldehyde and hydrogen peroxide. It is possible that Pgp is responsible for this behaviour, since the increased metabolite concentrations and decreased enzymatic activities were not observed when parental Pichia was subjected to the same growth conditions. This report adds information on methanol metabolism during expression of Pgp from P. pastoris Mut S strain and suggests an expression procedure for hard-to-express proteins from P. pastoris.
Introduction
Pichia pastoris is an efficient producer of recombinant membrane proteins for structural and functional studies (Bill et al., 2011; Lee et al., 2016; Habeck et al., 2017) . Unlike prokaryotes, this eukaryotic organism can produce correctly folded proteins with all the required disulfide bond and post-translational modifications (Wang et al., 2017) , and the transgene is stably integrated in the host genome ensuring production stability (Athmaram et al., 2013) . Pichia pastoris contains an efficient methanol-inducible promoter of the alcohol oxidase gene (AOX) that supports high expression of recombinant proteins (Liu et al., 2019) . In addition, this yeast can grow to high biomass levels on both complex and minimal media (Liu et al., 2016; Matthews et al., 2018) , and does not contain potentially oncogenic or viral nucleic acids which are present in mammalian cells, or cell wall pyrogens present in E. coli (Ciofalo et al., 2006; Noseda et al., 2013) . Over one thousand proteins have been successfully expressed in P. pastoris with yields as high as 22 g l À1 for intracellular production of recombinant hydroxynitrile lyase and as high as 14.8 g l À1 for extracellular production of recombinant gelatines (Werten et al., 1999; Ren and Yuan, 2005) . Three phenotypes of P. pastoris are being used: Mut + , where both AOX1 (encodes alcohol oxidase I) and AOX2 (encodes alcohol oxidase II) genes are intact; Mut S , a mutant with an inactivated AOX1 gene; and Mut À , where both AOX1 and AOX2 genes are disrupted (Juturu and Wu, 2018) . The Mut + and Mut S strain, able to metabolize methanol as the only carbon source, are the most commonly used strains (Looser et al., 2015) .
Unlike other recombinant proteins highly expressed in P. pastoris by the conventional strategy (Kastilan et al., 2017; Bußwinkel et al., 2018; Moser et al., 2018) , the membrane protein mouse P-glycoprotein (Pgp) was not expressed well in bioreactors, unless the growth media was replaced prior to the induction phase (replacement strategy). Pgp is a 170 kDa ABC transporter and functions as an ATP hydrolysis-driven efflux pump to rid the cell of structurally unrelated diverse hydrophobic amphipathic compounds, which could lead to multidrug resistance (MDR) and failure of chemotherapy (Esser et al., 2017; De Vera et al., 2019) . The replacement strategy is clearly not a practical approach to obtain proteins in bioreactors, and an improved production strategy needs to be developed. In the current study, three methanol feeding strategies were investigated: a conventional strategy based on direct methanol addition to the growing culture (Sun et al., 2018) ; a replacement strategy, where media was replaced before the induction phase; and a supplemented strategy, where methanol supplemented with fresh media was added at induction time. The three induction approaches were followed by measuring methanol and the associated metabolitesformaldehyde, hydrogen peroxide and formateand by measuring the activities of alcohol oxidase (AOX), catalase (CAT), NAD + -dependent formaldehyde dehydrogenase (FLD) and NAD + -dependent formate dehydrogenase (FDH). NAD + -dependent enzymes involved in TCA cycle, malate dehydrogenase (MDH), isocitrate dehydrogenase (IDH) and a-ketoglutarate dehydrogenases (a-KGDHs) were also analysed. The study provides insight not only on Pgp expression in P. pastoris, but also on production related to cell growth, methanol consumption, metabolite concentrations and enzymatic activity related to methanol metabolism and energy regeneration.
Results
The common approach for expressing recombinant proteins from P. pastoris is by implementing a conventional two-phase process. In the first phase, biomass was accumulated by growing the cells on glycerol, and in the second phase, the expression of the desired protein was induced by adding methanol (Viña-Gonzalez, et al., 2018) . However, at these conditions Pgp was minimally expressed. Significantly higher expression was achieved by implementing a replacement strategy, when methanol was added to a culture that was first grown on glycerol and then centrifuged and resuspended in fresh media (Esser et al., 2017) . Although this media replacement approach is a workable procedure, it is not a practical production strategy for a culture grown in a bioreactor, and therefore, an understanding of what prevents Pgp expression was needed. In this work, three production strategies were compared. In the conventional strategy, Pgp was traditionally expressed by adding methanol to the growing cells. In the replacement strategy, methanol was added to culture after media replacement. Finally, in the supplemented strategy, methanol was added together with fresh media to the culture that was grown initially on glycerol.
Biomass accumulation after induction
Methanol induction was initiated at a biomass concentration of 4 g l À1 dry cell weight (20 OD 600 ), Fig. 1A . The supplemented strategy supported the cells to grow to an OD 600 of 28 for 36 h of induction and kept constant at an average OD 600 of 28 AE 0.35, which is 29% higher than the culture induced with the conventional strategy, and 11% higher than the level achieved using the replacement strategy (P < 0.001, n = 3). The culture induced using the conventional strategy showed a peak biomass of 24 OD 600 after 24 h, and the culture induced using the replacement strategy showed a biomass concentration of 27 OD 600 after 36 h. At the same time, a significant decrease in biomass was observed during the last 36 h of the conventional and replacement strategies (P < 0.001, n = 3). Figure 1B shows the methanol concentrations in the different cultures. Approximately 12 g methanol was added throughout the process, and no significant differences in the methanol concentration were observed at the three different strategies (P > 0.1, n = 3). When the supplemented strategy was used, the methanol concentration increased gradually, and after 72 h, it was 1.87 g l À1 , which is 0.51 and 0.31 g l À1 lower than the concentration with the conventional and the replacement strategy respectively (P < 0.05, n = 3). There were no differences in methanol consumption between the different processes (P > 0.1, n = 3), and approximately 67%, 70% and 74% of the methanol added to the cultures was consumed with the conventional, replacement and the supplemented strategies respectively.
Methanol utilization

Pgp expression
Volumetric production of Pgp at the three induction strategies is shown in Fig. 2A . The production was negligible when the conventional strategy was implemented (P < 0.001, n = 3), and only 0.15 mg l À1 of Pgp was accumulated throughout the 72 h of induction. In comparison, 47.4 mg l À1 of Pgp was produced after 24 h of induction using the replacement strategy; however, the concentration declined to 32.5 mg l À1 after 72 h. When the induction was conducted by the supplemented strategy, 49.2 mg l À1 of the enzymatically active Pgp was produced after 36 h, Fig. 2B . ATPase activity was negligible when the culture was induced using the conventional strategy (P < 0.001, n = 3), and 0.021 9 10 2 U l À1 was observed throughout the 72 h. When the replacement strategy was used, the enzymatic activity reached 8.1 9 10 2 U l À1 after 24 h but declined to 5.5 9 10 2 U l À1 after 72 h of induction. However, when the supplemented strategy was implemented the ATPase activity reached 8.4 9 10 2 U l À1 after 36 h of induction, and the enzymatic activity remained constant throughout the 72 h of induction process.
Intracellular metabolite concentration and enzymatic activity
To understand the reasons for the different Pgp expression levels with the three induction processes, methanol metabolites and activities of enzymes associated with methanol metabolism and energy regeneration were analysed. The results are shown in Figs 3-5 and Table 1 . Compared with the replacement and the supplemented strategies, the conventional strategy was associated with higher intracellular concentrations of formaldehyde and hydrogen peroxide, lower activity of FLD, FDH, IDH and a-KGDHs, and higher CAT activity.
No difference in the AOX or MDH activities was observed (P > 0.1, n = 3). The intracellular concentrations of methanol metabolites are shown in Fig. 3A -C. When the supplemented strategy was used, the formaldehyde, hydrogen peroxide and formate concentrations were 1.2 AE 0.6, 0.2 AE 0.07 and 0.006 AE 0.004 mM g À1 (DCW) respectively. When the replacement strategy was implemented, hydrogen peroxide and formaldehyde concentrations were similar (P > 0.1, n = 3), but formate concentration was 11-fold higher and reached 0.1 mM g À1 after 72 h of induction. However, when the conventional strategy was implemented, formaldehyde concentration was ninefold higher (19.1 AE 1.5 mM g À1 ) and hydrogen peroxide was 33-fold higher (14.9 AE 0.5 mM g À1 ) than the concentrations obtained when the supplemented strategy was used.
Measuring the activities of key enzymes associated with methanol utilization showed no difference in AOX activity among the three expression strategies. It increased in the first 24 h and then decreased slowly during the rest of the induction, with an average activity of 14.6 U g À1 (DCW) (P > 0.1, n = 3) ( Fig. 4A ). Catalase activity was higher with the conventional strategy; it reached 93.4 AE 22.9 U g À1 , which is 90% higher than that observed with both the replacement and the supplemented strategies (Fig. 4B ). The pattern of FDH activity was different; it was fivefold lower (102.9 AE 32.6 U g À1 ) with the conventional strategy than with both the replacement and the supplemented strategies ( Fig. 4C ). However, FLD activity was higher only with the supplemented strategy process and increased from 47.2 (at 12 h) to 126.9 U g À1 (at 36 h) . At the same time, the average activities of the FLD at the last 24 h with the conventional and the replacement strategies were 80% and 62% respectively lower than with the supplemented strategy ( Fig. 4D ). Measuring the activities of the key enzymes associated with the TCA cycle showed no difference related to MDH (P > 0.1, n = 3). The average activity was 7.5 AE 0.5 U g À1 for the three production strategies (Fig. 5A ). On the other hand, the activities of IDH and a-KGDHs with the conventional strategy were lower than those observed with the replacement and the supplemented strategies. The activities of IDH and a-KGDHs were 1.9 AE 0.2 and 1.1 AE 0.1 U g À1 , which are 48% and 58% lower than the activities observed with the supplemented strategy. Also, there was a significant decrease in both IDH and a-KGDHs activities in the last 24 h of induction using the replacement strategy compared with the supplemented strategy (P < 0.001, n = 3). The activities of IDH and a-KGDH decreased to 2.4 and 1.7 U g À1 at an induction time of 72 h, which are 39% and 42% respectively lower than those observed with supplemented strategy ( Fig. 5B and C) .
Performance of the control strains
To evaluate whether the observed methanol metabolism, energy regeneration and metabolic activities of the organism are related to the gene expressed, three control strains were utilized. One strain was without recombinant protein (KM71H); one strain expressed Pgp without ATPase (GS115-ZA-Pgp m ); and one strain expressed the glycoside hydrolase LXYL-P1-2. The results are seen in Figures 6-8 , S1 and S2.
The metabolic activities of the parental strain (KM71H) without the recombinant gene under the three induction strategies are seen in Fig. 6 . The intracellular formaldehyde concentration reached 0.9 AE 0.4 mM g À1
, and no significant differences were observed between the three induction strategies (P > 0.1, n = 3) ( Fig. 6A) . Key enzymes associated with methanol dissimilation at the different strategies also did not show major differences; FLD increased to a value of 138.9 AE 7.5 U g À1 in the first 36 h and stayed constant at an average activity of 136.0 AE 2.2 U g À1 (P > 0.1, n = 3) ( Fig. 6B .) Isocitrate dehydrogenase activity was 3.4 AE 0.3 U g À1 with the conventional strategy and increased to 3.8 AE 0.3 U g À1 (Fig. 6C ) when the supplemented strategy was implemented.
The protein expression and the metabolic activity of the Pichia strain expressing Pgp without ATPase activity (GS115-ZA-Pgp m ) was like the behaviour of the strain expressing active Pgp (GS115-ZA-Pgp). As shown in Fig. 7A , the production of Pgp m was negligible with the conventional strategy, but over 42.3 mg ml À1 of Pgp m was produced after 72 h of induction using the supplemented strategy ( Fig. 7B ) and 17.1 mg ml À1 was produced when the induction was done using the replacement strategy. Regarding the methanol metabolites, when the conventional strategy was implemented the formaldehyde concentration reached 14.9 mM g À1 ; it was 3.5 AE 2.4 mM g À1 when the replacement strategy was implemented and 1.3 AE 0.7 mM g À1 when the supplemented strategy was used (Fig. 8A) . The activities of the enzymes associated with methanol metabolism and energy regeneration showed a similar pattern to those obtained from the strain expressing active Pgp. As shown in Fig. 8B -C, the enzymatic activities of FLD and IDH in the ATPase free strain, GS115-ZA-Pgpm, were lower using the conventional strategy and higher when the supplemented strategy was implemented.
When the behaviour of the engineered P. pastoris strain expressing glycoside hydrolase LXYL-P1-2 was tested under the three induction strategies, no difference was observed regarding the expression of LXYL-P1-2. The production of recombinant LXYL-P1-2 and b-glucosidase activity gradually increased to the maximum with the three different methanol induction strategies, and the formaldehyde concentrations and enzymatic activities of FLD and IDH were like those obtained from the parental strain KM71H (Fig. 6, S1 and S2 ).
Discussion
The quantities and qualities of recombinant proteins expressed in P. pastoris are affected by the methanol feeding strategy, and therefore, various strategies have been implemented for efficient expression processes (Ahmad et al., 2014; Looser et al., 2015; Mears et al., 2017) . Since it was impossible to achieve efficient expression of Pgp in P. pastoris by using the traditional strategy where methanol is added directly into the culture, an alternative approach was required. The expression was significantly improved when the induction was done by methanol supplemented with fresh media (supplemented strategy) ( Fig. 1) . Compared with the traditional procedure (conventional strategy), twofold higher biomass was obtained, and 52.3 mg l À1 Pgp with 8.9 9 10 2 U l À1 was produced after 72 h of induction (Fig. 2) . It is known that methanol metabolites and energy generation affect P. pastoris growth and protein expression (Jahic et al., 2002; Plantz et al., 2006; Gao et al., 2015) . In this work, careful evaluation of metabolites and enzyme activities showed that low Pgp expression was associated with higher concentrations of formaldehyde and hydrogen peroxide, together with lower enzymatic activities of formaldehyde dehydrogenase (FLD), formate dehydrogenase (FDH), isocitrate dehydrogenase (IDH) Biotechnology, 12, 1226-1236 and a-ketoglutarate dehydrogenases (a-KGDHs) (Figs 3-5) . At the same time, no significant difference in alcohol oxidase (AOX) activity was observed, as shown by the methanol concentration in the culture (Fig. 1B) . It was therefore reasonable to assume that the lower expression of Pgp is not related to methanol oxidation. Instead, the increased concentration of formaldehyde and hydrogen peroxide, which are highly toxic (Theron et al., 2018) , could be responsible for the limited cell growth and lower Pgp expression. It is likely that formaldehyde did not metabolize to nicotinamide adenine dinucleotide (NADH) and adenosine triphosphate because of a weakened or blocked metabolic flux caused by the over accumulation of formaldehyde.
In balanced growth, P. pastoris produces formaldehyde from methanol oxidation. As seen in Fig. 9 , part of the formaldehyde is metabolized through a dissimilation pathway (pathway A), generating ATP that is required for cell growth and protein biosynthesis (Vanz et al., 2012; Yamada et al., 2019) . Another part of the formaldehyde is metabolized through the assimilation pathway (pathway B), and the resulting ATP from the TCA cycle is mainly used to support biosynthetic purposes (Maghsoudi et al., 2012; Fam et al., 2017) . In cases where the formaldehyde dissimilation pathway is weakened or blocked, the energy regeneration and cell functions are supported by the assimilation pathway (Hu et al., 2009; Gao et al., 2015) . As summarized in Fig. 9 , when the expression was induced by methanol supplemented with fresh media (supplemented strategy), higher activities of FLD, FDH (involved in pathway A) and IDH, and a-KGDHs (involved in pathway B/TCA cycle) were observed (141.6, 128.9 and 3.9, 3.1 U g À1 respectively), together with lower concentrations of formaldehyde and hydrogen peroxide (1.2 AE 0.6 and 0.2 AE 0.07 mM g À1 ).
To investigate the effect of the expressed proteins on the yeast metabolism, the parental strain KM71H, the strain expressing Pgp without ATPase activity (Pgp m ) and the strain expressing LXYL-P1-2 were tested with the three growth strategies. When the conventional strategy was used, both KM71H and GS115-3.5K-P1-2 generated low formaldehyde concentration and high enzymatic activity of FLD and IDH (Fig. 6, S2 ). At this condition, LXYL-P1-2 expression was high (Fig. S1) ; however, very little recombinant Pgp m was produced which was similar to the behaviour of KM71H-ZA-Pgp cultured at the same conditions (Fig. 7) . It is reasonable to conclude that the methanol metabolism and energy regeneration were influenced by this specific membrane protein, whether the protein was ATPase active or not. But when the protein was expressed using the supplemented strategy, the formaldehyde concentration was low and the enzymatic activity of FLD and IDH was high, indicating that the media supplement strategy is necessary for efficient expression of Pgp. Therefore, this strategy could be used to express other, hard-to-express, proteins from this yeast.
Compared with soluble proteins, expression of membrane proteins is a complex process because the proteins need to go through an assembly process. Once synthesis of a membrane protein begins, a secretory machinery is engaged, and the protein must be targeted and inserted into the membrane (Loll, 2003) . It is likely that Pgp accumulation affects the host cell metabolism and energy regeneration, and the modified induction strategy somehow prevents this accumulation and allows efficient expression.
Experimental procedures
Strains
The KM71H-ZA-Pgp (Mut S ) strain was prepared by transforming P. Pastoris KM71H with the pPICZA-Pgp plasmid harbouring mouse Pgp (Esser et al., 2017) . The GS115-ZA-Pgp m strain (Mut + ) was carrying mutated Pgp gene at the nucleotide-binding domains (NBD) (Esser et al., 2017) . The GS115-3.5K-P1-2 strain contains the sequence encoding a glycoside hydrolase LXYL-P1-2 (Cheng, et al., 2013 , Liu et al., 2016 .
Fermentation process
The strain harbouring Pgp or Pgp m gene was streaked on a YPDS-Zeocin agar plate containing 1% yeast extract, 2% peptone, 2% glucose, 2% agar (m/v), 1 M sorbitol and 100 lg ml À1 Zeocin R and incubated at 30°C for 3 days. Single colonies were transferred to 500 ml baffled shake flasks containing 50 ml BMGYH (100 mM potassium phosphate buffer, pH 6, 13.4 g yeast nitrogen base with ammonium sulfate and without amino acids, 400 lg biotin, 40 mg l À1 L-histidine and 100 ml of 10% glycerol per litter). The flasks were incubated at 28°C at 220 rpm. Methanol induction was carried using three different strategies in bench-top bioreactors (Sartorius Stedim Biotech, Germany, interfaced to Sartorius MFCS/win 3.0). (i) Conventional strategy: overnight culture from shake flasks was transferred to the bioreactor containing BMGYH media, when the culture in the bioreactor reached an OD 600 of 20. A solution containing 2.5% (v/v) methanol and 4.35 ml l À1 PTM in 100 mM potassium phosphate buffer (pH6) was added at a rate of 8.5 ml l À1 h À1 for 72 h [peristaltic pump (101 U/R; Watson-Marlow Limited, Falmouth, UK)]. (ii) Replacement strategy: after reaching an OD 600 of 20, the culture was centrifuged at 5000 rpm, 4°C for 15 min and the cells were transferred back to the bioreactor containing fresh 1 l BMMYH; at that point, the same solution used at the conventional strategy was pumped into bioreactor at a rate of 8.5 ml À1 l À1 h À1 for 72 h. (iii) Supplemented strategy: after reaching an OD 600 of 20, fresh BMMYH media containing 2.5% (v/v) methanol and 4.35 ml l À1 PTM was added into the culture at a rate of 8.5 ml l À1 h À1 for 72 h. The growth conditions for the three strategies were as follows: 29°C, pH kept at 5.0 with 7-7.5% ammonium hydroxide, and DO was controlled at 30% saturation by adjusting the RPM and airflow (100-700 rpm; 0.8-1.5 vvm) with 0.03% (v/v) P2000 antifoam. PTM solution was the same as described previously (Liu and Zhu, 2015) . All experiments and analysis were done in triplicates. The results shown are the mean AE standard deviation (SD) from three independent experiments.
Analytical methods
Preparation of supernatant and cell-free extract. After centrifugation (12 000 g for 3 min), supernatant samples were collected and stored at À80°C. Cell-free extract was prepared as previously described (Suye et al., 1990; Jin et al., 2010) .
Quantifications of methanol, formaldehyde, hydrogen peroxide and formate. Methanol was measured using Analox GM8 Micro-Stat Analyzer (Analox Instruments, Hammersmith, UK). Formaldehyde, hydrogen peroxide and formate were measured using assay kits (Sigma-Aldrich, St. Louis, MO, USA, MAK131; Sigma- Fig. 9 . Simplified methanol metabolic networks and the performance of three fermentation processes. Pathway A is formaldehyde dissimilation pathway, and pathway B is formaldehyde assimilation pathway. The green arrow indicates conventional strategy, red arrow indicates replacement strategy, and blue arrow indicates supplemented strategy. The upward arrow indicates upregulated, and the downward arrow indicates downregulated. One arrow indicates small changes, and two arrows indicate strong changes. Abbreviations (enzymes): AOX, alcohol oxidase; CTA, catalase; FLD, NAD + -dependent formaldehyde dehydrogenase; FDH, NAD + -dependent formate dehydrogenase; IDH, NAD + -dependent isocitrate dehydrogenase; MDH, NAD + -dependent malate dehydrogenase; a-KGDHs, NAD + -dependent a-ketoglutarate dehydrogenases.
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Activity assays of enzymes related to methanol metabolism and TCA cycle. Alcohol oxidase (AOX, EC 1.1.3.13) activity was spectrophotometrically measured in the present of 2.2-azino-bis(3-ethylbenzothiazoline-6sulfonic acid) and horseradish peroxidase (Arrocha et al., 2014) . Formaldehyde dehydrogenase (FLD, EC 1.2.1.46) and formate dehydrogenase (FDH, EC 1.2.1.2) activities were determined according to the previously described method (Allais et al., 1983; Kato, 1990; Tran et al., 2015) . a-Ketoglutarate dehydrogenases (a-KGDHs) was assayed by colorimetrical methods (Jin et al., 2010 (Esser et al., 2017) . The volumetric production of Pgp was determined by scanning the area on the Western blotting membranes with ImageQuant TL software (GE Healthcare, Piscataway, NJ, USA) using purified Pgp as a reference. ATPase activity was determined using a high-throughput colorimetric ATPase assay kit (Innova Biosciences, Cambridge, UK, 6010120). The ATPase activity of the parental P. pastoris strain was deducted before calculating the ATPase activity of the recombinant Pgp. One ATPase unit was defined as the amount of enzyme that catalyses 1 lmol of ATP per minute. For all data, replicates from three parallel measurements or independent assays were measured and the mean AE standard error (SD) was calculated. Student's t-test in SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was used for two-group comparisons, and P < 0.05 was considered statistically significant.
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